Background Early puberty often occurs in migrants from less to more economically developed locations, particularly among girls, perhaps because of mismatched inter-generational conditions. However, migrants may differ from their host population in many ways.
Introduction
Over generations of economic development there has been a fall in the timing of puberty, 1 most clearly documented among girls, but also evident among boys. 2 In countries currently undergoing rapid economic development, timing of puberty is falling even more steeply, [3] [4] [5] [6] and is at its lowest in some populations with recent and rapid histories of economic development. [7] [8] [9] Earlier puberty is associated with higher cardiovascular risk, 10, 11 and as such may be contributing to the epidemics of chronic diseases emerging in these populations. 12 Better living conditions, encompassing more plentiful nutrition, less physical activity and perhaps also less exposure to infections, 13 have probably all contributed to the downward trend in the timing of puberty. Whether inter-generational environmental exposures also play a role is unclear. Earlier puberty has been observed associated with earlier maternal puberty, 14, 15 which may reflect either genetic factors 16 or a better maternal growth environment. 17 Conversely, earlier menarche has also been observed among migrants from less to more economically developed locations, such as migrants to western Europe [18] [19] [20] or to the USA, 21 which would most likely reflect a more constrained maternal growth environment. It has been suggested that a rapid environmental transition over generations to abundance or 'mismatch' may programme earlier puberty, 22 although it is unclear from a life history perspective whether the same tactics for reproductive success and hence effects on timing of puberty would be expected for boys as well as girls. To our knowledge, there is only one small study of both sexes, which reported later onset but earlier completion of puberty among first-generation Turkish migrants in The Netherlands. 19 However, like most previous such studies, 21, [23] [24] [25] this study compared the timing of puberty among children of different ethnicities, when ethnicity could be a determinant of the current timing of puberty. 26, 27 We took advantage of an ethnically homogenous population where fortuitously mothers experienced very different growth conditions depending on whether they migrated from a less to a more economically developed location or were native-born, to examine inter-generational influences on the age at onset of puberty. Hong Kong has a migrant population largely formed by mass migration from essentially pre-industrial China during the 1940-50s, augmented by some additional migration subsequently; most recently by women from mainland China marrying Hong Kong men. These women were largely born in mainland China prior to the economic growth of the last 30 years and so were raised in very limited conditions. In the 1970s, the gross domestic product per head in China was $12% of that in Hong Kong. 28 Taking advantage of a large population representative Chinese birth cohort in this unique setting, Hong Kong's 'Children of 1997' birth cohort, 29 we examined whether there were environmentally driven inter-generational influences on the age at onset of puberty, independent of intra-uterine growth and of childhood adiposity and height. In addition, given the potentially different strategies governing life history tactics for reproductive success in girls and boys, we examined whether the associations differed by sex.
Methods
The 'Children of 1997' birth cohort The Hong Kong 'Children of 1997' birth cohort is a population representative Chinese birth cohort (n ¼ 8327) that covered 88% of all births from 1 April 1997 to 31 May 1997. The study was initially established to investigate the impact of second-hand smoke exposure on infant health. 29, 30 Families were recruited at their first post-natal visit to the 49 Maternal and Child Health Centres (MCHCs) in Hong Kong, 30 which parents of all newborns are encouraged to attend for free post-natal care, developmental checks and vaccinations until the age of 5 years. Baseline characteristics were obtained at recruitment using a self-administrated questionnaire in Chinese that included information on parents (year of birth, mother's place of birth and year migrated to Hong Kong), family socio-economic position (parental education and type of housing), birth characteristics (birthweight, birth order, sex, gestational age and method of delivery), infant feeding and second-hand smoke exposure. Passive follow-up via record linkage was instituted in 2005 to obtain: (i) weight and height from birth to 5 years from the MCHCs (96% success); (ii) annual measurements of weight and height (grade 1 onwards) and bi-annual assessments of pubertal status (grade 1 onwards), physiological well-being (grade 2 onwards) and blood pressure (grade 5 onwards) from the Student Health Service, Department of Health, which provides free annual check-ups for all school students; 31 (iii) hospital discharge records from the Hospital Authority, which manages all public hospitals accounting for 81.4% of beds in 2005; 32 and (iv) death records from the Death Registry. Active follow-up via direct contact was instituted in 2007. A postal survey (Survey I) including questions on family history was sent in July 2008, then re-sent for second and third time as necessary to non-respondents over the following 9 months. 33 With each wave of data collection, any missing baseline data were updated and any discrepancies between waves reconciled. 
Timing of puberty onset
The main outcome was age at onset of two visible signs of pubertal development, i.e. pubic hair development for both sexes and breast development for girls and genital development for boys. Pubertal stage was clinically assessed by doctors at the Student Health Service centres, according to the criteria of Marshall and Tanner, 34 in grades 1, 3, 5 and 7, i.e. usually at age 6-7 years, 8-9 years, 10-11 years and 12-13 years. We excluded children with infeasible sequences of pubertal stages, such as pubertal stage II before pubertal stage I (0.7% of participants; 32 boys and 22 girls).
Statistical analysis
We used multivariable interval-censored survival analyses to examine the adjusted association of mother's migration status with clinically assessed age at onset of puberty. The distribution of age at pubertal onset was estimated by censoring each child in one of three ways: (i) left censoring if the child had experienced pubertal onset by the first examination date; (ii) interval censoring if the child had pubertal onset between two examination dates (i.e. the first examination date recorded Tanner stage I and the second examination date recorded Tanner stage II); and (iii) right censoring if the child had not experienced pubertal onset by the most recent examination date. From intervalcensored regression, we report time ratios (TRs), which give the ratio of estimated age at pubertal onset between groups, so a TR 41 indicates older age at pubertal onset compared with the reference group, whereas a TR <1 indicates younger age at pubertal onset. We also report adjusted mean age at onset of puberty with 95% confidence intervals (CIs) by mother's migration status. Whether mother's migration status had different associations with age at onset of puberty in boys and girls was assessed from the heterogeneity across strata and the significance of interaction terms. To clarify whether any associations of mother's migration status with age at onset of puberty were independent of intra-uterine growth and childhood adiposity or height, we present models sequentially. Model 1 is unadjusted. To examine whether the associations with age at onset of puberty were independent of intra-uterine growth and of childhood adiposity and height, we adjusted Model 2 for intra-uterine growth (gestational age and sex-specific birthweight z-score relative to Hong Kong 36 ) at $7 years. Not all weight and height measurements were taken exactly at 7 years; the closest measurements between 5.5 and 9.0 years were used. We used the 'Akima' 37 package in R to interpolate the WHO standards onto a daily scale, so that we could calculate accurate z-scores for height or BMI at exact daily ages. Other potential confounders considered were factors associated with mother's migration status and/or the timing of puberty, including birth order (first, second, third or more), maternal smoking during pregnancy (yes or no) and father's educational attainment (49th grade, 10-11th grade or 512th grade).
To illustrate the association of childhood height and BMI with age at onset of puberty by mother's migration status, we plotted all available height or BMI measurement from age 6 to 13 years against age by mother's migration status using locally weighted scatterplot smoothing (LOWESS). 38 We then identified the average height or BMI at the average age of onset of puberty for both groups. We used multiple imputation to predict missing confounders and mother's migration status based on a flexible additive regression model with predictive mean matching 39 incorporating data on sex, birthweight, gestational age, birth order, breastfeeding, second-hand smoking, parental ages, mother's migration status, education, occupation, household income, type of hospital at birth, infant weight, childhood height and BMI, area of residence for the children during early post-natal period, maximum age at Tanner stage I and minimum age at Tanner stage II. 40 We summarized the results from 10 imputed data sets into single estimated TRs with CIs adjusted for missing data uncertainty. 39 As a sensitivity analysis, we also performed a complete case analysis. Statistical analyses were performed using Stata version 9 (Stata Corp., College station, TX, USA) and R version 2.3.1 (R Development Core Team, Vienna, Austria).
Results
Of the original 8327 cohort members, as of 30 June 2010, 7933 were alive, had not withdrawn (22 withdrawn) and were living in Hong Kong. Among the remaining cohort members, we excluded 223 children whose mothers migrated to Hong Kong before the age of 10 years. Of the remaining 7710 children, 7111 (3832 boys and 3279 girls, 92% follow-up) had information on age at onset of puberty (on both measures). Mother's migration status was imputed for 8.6%, birthweight z-score for 0.2% and childhood anthropometrics for 1.5%. Those included in the analysis quite closely matched the children excluded due to missing data (n ¼ 790) in terms of birthweight and gestational age, but the excluded ones had greater BMI and height at 7 years and their parents were comparatively more educated. Table 1 shows that migrant mothers (n ¼ 2603) had lower education than Hong Kong born mothers (n ¼ 4508). Cohort members with migrant mothers were more likely to have higher birthweight, higher birth rank, longer gestational age and greater BMI and height at age 7 years. These differences were also observed in the unimputed sample (Appendix 1, available as Supplementary Data at IJE online).
Most included cohort members had at least two records of pubertal staging. Among those who attended pubertal check-up after age 9 years, 94.0% of girls had onset of breast development and 61.7% had onset of pubic hair, the corresponding percentages for boys were 55.7 and 34.9%. Girls had onset of breast development (Tanner stage II) at the mean age of 9.7 years, 2 years earlier than the onset of genital development in boys. Onset of pubic hair development started later, at the age of 11.4 years in girls and 12.5 years in boys. These ages were very close to the mean age at Tanner stage II for girls (9.8 years for breast development and 11.6 years for pubic hair development) and boys (11.7 years for genital development and 12.7 years for pubic hair development) among Hong Kong Chinese adolescents in the 1990s. 7, 41 Earlier age at onset of puberty in both sexes was associated with greater height at 7 years (data not shown). Since the potential confounding factors, including birth order, maternal smoking during pregnancy and father's educational attainment, did not change the association of mother's migration status with mean age at onset of puberty by 45%, they were not included any of the models.
Children with migrant mothers had earlier onset of breast/genital development (TR 0.987, 95% CI 0.980-0.993) and pubic hair development (TR 0.993, 95% CI 0.986-1.000) than children of Hong Kong born mothers, even after adjustment for gestational age and sex-specific birthweight z-score (Table 2) . Further adjustment for BMI and height z-scores at 7 years removed the association with pubic hair development but not that for breast/genital development (Model 3, Table 2 ). The associations of mother's migration status with age at onset of breast/genital development differed by sex in all models, so Table 3 shows sex-stratified analysis. Girls with migrant mothers had earlier onset of breast development at 9.56 years (95% CI 9.49-9.63), 2.4 months earlier than girls with mothers born in Hong Kong (9.75 years, 95% CI 9.70-9.81). However, there was no such difference for boys. The complete case analysis produced similar results (Appendix 1, available as Supplementary data at IJE online).
Girls with migrant mothers tended to be taller from early childhood, as shown in Figure 1A . Both groups had similar height and BMI at the onset of breast development, but the height was achieved at an earlier age amongst the girls with migrant mothers. Boys with migrant mothers were also taller and fatter from early childhood than boys with mothers born in Hong Kong ( Figure 1B ) However, in contrast to girls, these 
Discussion
In this large, prospective, population-representative Chinese birth cohort, we found that children with migrant mothers usually born and raised in the less economically developed setting of mainland China had onset of puberty at a younger age than those with mothers who were born and raised in the more economically developed setting of Hong Kong, with these differences perhaps more evident for girls than boys. Furthermore, for the first time, we demonstrated that these associations were independent of intra-uterine growth, but were attenuated or removed by adjusting for childhood size (height and BMI at 7 years), indicating that earlier age of onset of puberty among children with mismatched inter-generational environments in a developed environment maybe mediated by faster post-natal growth but not attributed to slower intra-uterine growth.
Despite the large sample size, high follow-up rate of 88% and clinical assessment of pubertal stage, there are some caveats. First, attending the Student Health Service for regular health checks provided by the Hong Kong government is voluntary; however, 88% of the eligible birth cohort members were included and were no different in terms of birthweight or gestational age from those excluded, suggesting that the availability of pubertal data was not related to birthweight. Secondly, those excluded were more likely to have greater BMI and height at 7 years and parents Model 1 unadjusted. Model 2 additionally adjusted for gestational age and sex-specific birthweight z-score. Model 3 additionally adjusted for childhood BMI and childhood height z-score. with higher education; however, parental education had little association with the age at onset of puberty. Thirdly, information on father's place of birth is not yet available, so we cannot yet clearly assess the role of father's early life environment in pubertal development. Fourthly, mother's age of menarche was only available for $40% of the children. However, gross domestic product per head in China was $12% of that in Hong Kong when our cohort members' parents grew up, so it is very unlikely that mothers born in mainland China had earlier menarche than mothers born in Hong Kong. On the other hand, we were able to rule out psychological adjustment as a confounding factor in the association of mother's migration status with age at onset of puberty, because the difference in the estimated mean age at onset of puberty by mother's migration status changed by <3% when we additionally adjusted for Rutter score at 7 years. Fifthly, our study is a natural experiment, and as such demonstrates the association of mother's migration status with the onset of puberty rather than demonstrating the scale of the association. Sixthly, pubertal stage assessed from breast and genital development may be more prone to measurement error than that assessed from pubic hair, especially visual assessment for over-weight children. 42 Thus, we cannot rule out the possibility that the difference by sex in the association of mother's migration status with onset of puberty, assessed from breast and genital development, is a measurement error or Figure 1 Height by age (upper panel) and BMI by age (lower panel) with average height or BMI at onset of breast development in girls (A) and genital development in boys (B) by mother's migration status a chance finding. Conversely, the onset of pubic hair development occurs later in puberty than the onset of breast or genital development, so given the age of participants we cannot rule out the possibility that the lack of difference by sex for the pubic hair development may be due to the low number of boys for which this had occurred.
Studies of timing of puberty by migration status are mainly in girls, 18, 23, 25 with age of menarche as the marker of puberty rather than a marker of the onset of puberty. Our study compliments the well-documented association of migration with earlier menarche by showing there is also earlier onset of both breast and pubic hair development among girls, which was not evident in boys. To our knowledge, only one previous study has examined age at onset of puberty among migrants in both sexes, which found later onset but earlier completion of puberty among boys and girls born to Turkish migrants in The Netherlands compared with the Dutch reference. 19 This Dutch study is limited by small sample size, cross-sectional design and comparison across ethnic groups when the relevant comparison might have been with similar children in Turkey. On the other hand, although related studies in both sexes are lacking, the possible difference by sex in the association of the mother's migration status with the timing of the onset of puberty is consistent with more frequent precocious puberty among foreign-adopted girls than boys. 24, 43 Biological factors that trigger the onset of puberty, as well as the role of life course and intergenerational influences, are poorly understood. Moreover, onset of breast/genital development and pubic hair development may be governed by different mechanisms with different precursors. Slow intrauterine growth, 22, 44 rapid childhood growth, 19,;24 or a mismatch between them, 45, 46 as postulated in the adaptive paradigm, 22 have all been suggested as possible explanations for various observations of earlier puberty among different groups. Consistent with a previous study in Hong Kong, 47 children with migrant mothers were heavier for gestational age, so their earlier onset of puberty would not appear to be associated with slow intra-uterine growth. On the other hand, it is thought that earlier puberty among migrants is permitted by improved childhood nutrition, 19 resulting in more pre-pubertal growth, which is associated with earlier puberty. 48, 49 There is no obvious reason why children of migrant mothers should have had a different level of nutrition or physical activity than children with Hong Kong born mothers, nevertheless they were taller and fatter at 7 years. Moreover, the association between mother's migration status and age at onset of puberty was attenuated or removed, by adjusting for childhood height and adiposity suggesting that the observed younger age at onset of puberty among migrants' children may be mediated by childhood nutrition and growth. 21, 44 Children with migrant mothers from a limited environment had, on average, the same height and BMI at the onset of puberty as others but achieved it earlier with the trajectory evident from early childhood (Figure 1 ).
In conclusion, our observations suggest that inter-generational influences may relate to age at onset of puberty in both boys and girls. Poor maternal conditions during growth were associated with younger age at onset of puberty, particularly among girls. However, early onset of puberty is not always followed by early completion of puberty, 5, 50 and different factors may control the onset and tempo of puberty in both boys and girls. Given the association between earlier completion of puberty and cardiovascular disease risk factors is not only limited to women 10, 11, 51, 52 and there are indications that pubertal maturation might have a role to play in ischaemic heart disease mortality among men. 53 Life course influences of the nutrition transition on the timing, duration and intensity of puberty may have potentially important public health implications in migrant populations, or in countries undergoing rapid economic development, such as most of the developing world. We will continue to track the 'Children of 1997' through adolescence to adulthood to examine the relation of migration status with the progression of puberty and its implications for long-term metabolic health.
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KEY MESSAGES
In a developed, non-Western setting, children with mothers from a less developed environment had earlier onset of puberty, independent of birth weight and socio-economic position, suggesting a possible pathway to the emerging epidemic of related chronic diseases in rapidly developing populations.
The association was attenuated by adjusting for childhood height, but not by adjusting for birth weight, suggesting that earlier puberty in such children may be related to faster post-natal growth.
